Moles are the only fertile true hermaphrodites described up to now among mammals. This paper investigates the development and growth of the mole Talpa occidentalis. Fifteen developmental stages (8 prenatal and 7 postnatal) were established and 12 of them, ranging from early gestation to weaning, are described in detail. The growth of moles was shown to fit triphasic curves for both males and females. The coefficient of reproductive effort of females, defined as mass of the litter at weaning relative to maternal body mass, is inversely proportional to mass of the female, according to an exponential function. Compared with other insectivores with lower body mass (shrews), this coefficient in female moles (2.69) is significantly higher than expected (1.91), which implies that reproductive effort of moles is 36% greater. This study provides the chronological criteria (based on body mass, crown-rump length, and major external morphological features) needed for age determination of individual developing moles and thus represents a useful tool for further studies in these mammals.
Moles of the family Talpidae are the most representative group of fossorial mammals. Their excellent adaptation to the subterranean environment has made them the subject of many scientific studies involving almost all branches of biology since the 19th century (Gorman and Stone 1990) . Recently, because of their particular characteristics, moles also have become the subject of a number of studies in reproductive biology. Moles are strict seasonal breeders with a cycle that varies in length according to latitude (Jiménez et al. 1990 ). Male and female moles have been analyzed throughout the seasonal breeding cycle in studies focusing on both anatomy (Aumüller and Greeberg 1976; Jiménez et al. 1990; Matthews 1935; Peyre 1968; Suzuki and Racey 1978; Tähkä et al. 1989 ) and physiology (Gougeon 1974; Jiménez et al. 1993; Racey 1978; Whitworth et al. 1999 ) of their reproductive system.
Moles are unique among mammals because all females of the 4 investigated species (Talpa occidentalis, T. europaea, T. romana, and T. stankovici) have ovotestes instead of simply ovaries (Jiménez et al. 1993; Sánchez et al. 1996) . The ovarian portion of the ovotestis contains mature oocytes during the breeding season and is therefore functional (female moles are thus fertile true hermaphrodites). The testicular portion, which was called the interstitial gland of the ovary in early studies (Gallien and Godet 1950; Godet 1950; MacLeod 1880; Matthews 1935; Popoff 1911) , is generally larger than the ovarian portion, and contains no germ cells. These 2 tissues grow and regress annually in an alternating fashion, so that the ovarian portion predominates during the breeding season and the testicular tissue predominates during the resting period (Deanesly 1966; Matthews 1935) . This is accompanied by an alternating hormonal cycle, in which the testicular tissue produces large amounts of testosterone in the nonbreeding season, but production declines considerably during reproduction (Jiménez et al. 1993; Whitworth et al. 1999) .
The exceptional reproductive features of female moles make them interesting animal models for studying several aspects of the genetic control of mammalian sex determination and differentiation. For such studies, it is 1st necessary to define the key events in development of mole gonad and genital duct, which in turn requires prior establishment of the general pattern of development and growth of moles. In the absence of defined developmental stages, it is not possible to establish the chronology of any developmental process, and this is the case in moles, because the entire process of their development has not been described previously. Sterba (1977) described the prenatal development of the European mole (T. europaea) on the basis of crown-rump lengths and morphology of several major external structures, but no complete systematic description of mole postnatal development has been published (Godfrey and Crowcroft 1960; Wood-Jones 1914) . Similarly, few data are available concerning the growth rate of moles. Mole young increase their body mass from about 3 g at birth to about 45 g at weaning in 1 month of lactation. This growth rate can be considered phenomenal and may reflect that female moles are extraordinary mothers, apparently producing abundant, high-quality milk (Godfrey and Crowcroft 1960; Gorman and Stone 1990) . Despite these interesting data, no study on the reproductive effort of female moles has been performed to date. In the present paper, we report a complete study of the development of T. occidentalis, including the establishment of criteria for defining developmental stages as well as the analysis of growth rates and reproductive effort of female moles, compared to that of other insectivores.
MATERIALS AND METHODS
A total of 212 individual T. occidentalis (97 females and 115 males, including embryos, fetuses, and young) were collected from 1990 through 2001 in the environs of Granada, in southern Spain. All individuals were weighed individually with a precision scale after being transported to our laboratory, their crown-rump lengths were measured using a slide caliper, and their external morphological features were recorded. Embryos and fetuses were removed from the uterus before any measurement. Several individuals of each age group also were photographed.
Mole embryos and fetuses.-Forty-six males and 40 females were analyzed. Moles do not breed in captivity, so pregnant females (n ¼ 29) were captured to obtain embryos and fetuses. We used live traps designed and made in our laboratory. For females, abdominal palpation was used to detect pregnancy, determine gestational status, and estimate size of embryos. Accordingly, each female was either killed to study the embryos (n ¼ 12) or transported to our laboratory and individually placed in large cages (1 Â 2 m) containing soil (about 30 cm in depth) and a buried artificial nest (n ¼ 6; see below). Periodic abdominal palpations of the caged females indicated when the embryos were ready to be analyzed. Pregnant females with clearly underdeveloped embryos (stages s4-s5; see below) were immediately equipped with a small radiotransmitter (PIP2 single button-celled tags, Biotrack, Wareham, United Kingdom) attached with sticking plaster (adhesive tape) to the tail (n ¼ 11) and then released in their territories. These females where recaptured when the embryos had reached the needed size in each case, until a complete collection was available. For tracking, we used a M-57 radioreceiver and a flexible directional Yagi antenna (Biotrack).
Nestling moles.-We studied a total of 69 male and 66 female moles during postnatal development. Nests of T. occidentalis generally are not easily identifiable by visual inspection of the terrain, although we found 16 nests, so in most cases we used radiotransmitters attached to the tail of pregnant or lactating females to find their nests. An additional 25 nests were located this way. Lactating females were detected by examination of the teats and by presence of milk after lightly pressing mammary glands after capture. Nests were opened to determine the developmental stage of young. These were either transported to the laboratory for analysis or returned to the nest, which was then closed. Nests were opened again when the young had reached the developmental stage needed in each case (according to the status of sample collection). We also obtained neonatal moles from females in late pregnancy placed in cages with artificial nests (n ¼ 5). Each of these nests consisted of an expanded polyestyrene box (15 Â 15 Â 25 cm in inner size, with 5-cm thick walls) placed vertically and completely buried in soil. An infrared video camera equipped with 6 infrared light-emitting diodes (a model commonly used in domestic video interphones may fulfill these requirements) was placed at the highest point under the ceiling of the nest and connected to a TV monitor permanently installed in our laboratory.
Age determination of developing moles.-For prenatal development, we confirmed or corrected age estimates made for T. europaea by Sterba (1977) , by using 2 different procedures. In both cases, the size of the embryos or fetuses, and thus their developmental stage, was estimated 1st by palpating the abdomen of a pregnant female. In some stages (s5-s6; see below), estimation could be done with a precision of 1 mm. In later prenatal stages, estimates were not as precise, but this did not preclude a correct stage estimation, because size differences between stages were greater. The female was radiotagged and then released in her territory and either recaptured several days later and killed for measurement and morphological examination of the embryos or fetuses, or left to give birth in the her natural nest. In the latter case, the presence of newborn moles was detected by opening the nest every day around the predicted date of parturition. Alternatively, after the 1st abdominal palpation, the pregnant female was transported and placed in a cage with an artificial nest. In this case, the time of birth was monitored by the infrared video camera, as indicated above. With these procedures, we achieved a precise measure of time between 2 prenatal stages or between a given prenatal stage and birth. We confirmed the resulting data by correctly predicting the day of parturition of several pregnant females at different gestational stages.
To determine the age of postnatally developing moles, we opened a number of nests every 5 days to measure and weigh the young. To characterize the morphological features of early stages of postnatal development, we studied nests (either natural or artificial) initially containing newborn moles. Because no female completed lactation in the artificial nests, only natural nests could be studied for age determination in stages corresponding to late postnatal development.
Growth rate of moles.-Growth rate may be studied by using either crown-rump length or body-mass data, but the 2 values were not always available for all individuals. For instance, size estimations by abdominal palpation provide only crown-rump length estimates, and some young could not be weighed in the field. In any case, data from individual moles were fitted to a triphasic function for growth curves (Koops 1986; Koops et al. 1987 ; see below) by using the informatic application STATISTICA 5.5 software (StatSoft Inc. 1999) . The reproductive effort of females, defined as the mass of offspring produced per gram of mother's mass, also was calculated in T. occidentalis, for comparison with other insectivores.
Sexing of mole embryos.-Sex cannot be determined in early embryonic stages on the basis of morphological features. Embryos were sexed by using an amniotic cell preparation where the sex chromatin body could be visualized in individuals possessing 2 X (XX) chromosomes (Jiménez et al. 2000 ; technical information available online at http://research.bmn.com/tto/, T02062).
RESULTS
Definition of stages for mole development.-We established a total of 15 developmental stages, from stage 1 (s1) to stage 15 (s15), comprising the entire development of T. occidentalis (Table 1 ; Fig. 1 ). Prenatal development comprises 8 stages (s1-s8) defined according to the criteria proposed by Sterba (1977) for the prenatal development of T. europaea. Description of stages before s4 was not possible due to inadequate sample size. Examination of our data suggests that birth takes place approximately 28 days postcoitus. Because no previous study describes the entire postnatal development of any mole species (Godfrey and Crowcroft 1960; Wood-Jones 1914) , we defined a new postnatal stage every 5 days after birth. This established 7 postnatal stages, from s9 (newborn) to s15 (fully grown juvenile moles). In turn, s15 was divided into 2 substages to differentiate nestling juvenile moles, s15a (about 30 days postpartum), from weaned juvenile moles, s15b. After the time of dispersal, s15b moles remain without remarkable morphological changes until they reach puberty at the onset of the next breeding season (next year). Thus, s15b is not a 5-day period and may last for up to 10 months in the case of T. occidentalis. Similarly, further subdivisions can be made for precise timing of any other stage. We describe here 12 of the 15 developmental stages in T. occidentalis, from s4 to s15b, extending from 27 days postcoitus to about 240 days postpartum, because earlier stages were not investigated.
In T. occidentalis, body mass and crown-rump length correlate almost perfectly (R ¼ 0.9987) according to an exponential function (body mass ¼ 0.001 Â crown-rump length 2.35 ). Thus, either body mass or crown-rump length can be calculated if the other value is known. Furthermore, body mass of both males and females fit a multiphasic growth curve ( Fig. 2 ; Koops 1986; Koops et al. 1987) , according to the equation:
where n is the number of growth phases (3 in our case) and A i , B i , and C i are the parameters defining the curve (Table 2 ). The resulting curves fit our experimental data well (R ¼ 0.9977 for males; 0.9968 for females).
The body mass of moles undergoes further changes after weaning, and a 4th growth phase could thus be added for the period between weaning and puberty. This phase was not included in the quantitative study reported here because it is a very long period (nearly 1 year) compared with that of the curve reported (about 50 days), and thus it would distort the resulting compound curve. Juvenile moles lost some weight just after weaning (s15b), but they recovered this weight afterwards and reached a stable juvenile weight (61.5 g for males and 50 g for females, on average) that was slightly higher than before weaning (50 g for males and 45 g for females, on average). Furthermore, moles undergo a final growth spurt coinciding with the onset of sexual activity. Finally, adult males weigh 65 g, whereas adult females weigh 53.5 g, on average.
The coefficient of reproductive effort of females was calculated and reported here for T. occidentalis (Table 3) . This table also summarizes data reported by Genoud and Vogel (1990) from 5 shrew species, from which the corresponding coefficients were also calculated, for comparison with moles. According to these data, it is deduced that the coefficient of reproductive effort is inversely proportional to mass of the female, so that values fit very well (R ¼ 0.9878) an exponential function with a negative slope (y ¼ 1.968 þ exp(2.014 ÿ 0.126x)), where x is the mass of females of a given species, and y is the coefficient of reproductive effort for that species ( Fig.  3; Table 3 ).
DISCUSSION
Talpid moles represent a very homogeneous group where interspecific morphological and karyotypic differences are often subtle, which has made taxonomy difficult in some species, including that of T. occidentalis (Jiménez et al. 1984) . The definition of developmental stages in T. occidentalis makes it possible to compare it with T. europaea in prenatal development (Sterba 1977) . Differences between these 2 mole species were apparent at the end of prenatal development. The prenatal growth curve of T. occidentalis parallels that of T. europaea until very late in prenatal development (s7-s8), when the slope for T. europaea becomes steeper. The faster growth rate of T. europaea is consistent with the fact that this species is larger than T. occidentalis (Cabrera 1914 ) and with our observations that newborn T. occidentalis are less developed (s9) than those of T. europaea (s10), even though gestation is probably 28 days in both cases (Grassé 1955; Starck 1965; Sterba 1977 ; this study).
Growth of moles fits a triphasic curve (Fig. 2) . As in other mammalian species, including rodents and humans (Eisen 1976; Eisen et al. 1969; Koops 1986; Koops et al. 1987) , the boundaries between consecutive growth phases are marked by significant developmental events. The prenatal period corresponds to the 1st growth phase. The early stages (s1-s6), although constituting an outstanding period of development during which most organs and structures differentiate, are not a time of intense growth. However, during late prenatal development (s7-s9), somatic growth predominates over processes of differentiation and organogenesis. Birth marks the end of the 1st growth phase.
The 2nd growth phase begins at s10 with the highest growth rate observed in moles (which may indicate that in moles the mother's milk provides more nutrients than does an aged placenta). This phase ends with a period of low growth rate around s12, coinciding with the formation of fur. This change of phase, which has no equivalent in other species studied, could indicate that growth of the mole pelage, which probably represents a major contribution to the individual's mass and takes place very rapidly (between s11 and s13), may require a significant amount of energy. Once the fur has grown in, a new spurt of growth marks the onset of the 3rd phase, which ends when the still-nestling moles reach juvenile body size. The loss of body mass in young moles just after weaning is not surprising because they suddenly become exposed to the difficulties of seeking food and occupying a new territory by themselves. This is consistent with a high mortality rate during this critical period (Godfrey and Crowcroft 1960; Gorman and Stone 1990) . Once surviving young moles establish their own territory, growth can resume, and the lost body mass thus is recovered. The growth profile depicted here for the mole differs from that of other mammals (see Koops 1986) , mainly during postnatal development, with regard to the number and the length of phases and the events defining their limits.
We have compared the reproductive effort of moles with that of shrews to evaluate whether, as suggested previously (Godfrey and Crowcroft 1960; Gorman and Stone 1990) , this reproductive effort is really exceptionally high in moles. Shrews constitute the taxonomic group most closely related to moles, because the families Soricidae (shrews) and Talpidae (moles) form the suborder Soricomorpha, within the insectivore order Lypotyphla (see Butler 1988) . Accordingly, moles and shrews are probably similar in biological features related to metabolic rate (respiratory efficiency, cardiac rhythm, and nutrition features), which are in turn directly related to growth rate. The difference between the observed coefficients of reproductive effort and those expected according to the exponential function that inversely correlates these coefficients with mass of mother, proved much higher in the mole than in any of the shrew species (Fig. 3) . This difference implies that female moles produce 0.694/1.906 Â 100 ¼ 36.4% more offspring mass than expected on the basis of their body size (data from Table 3 ). Thus, the reproductive effort of moles is similar to those of shrew species such as Crocidura russula and C. viaria, which have half the mass of female moles, which implies that female moles have an exceptionally high nursing capacity compared with other insectivores. As a consequence, young moles are nearly fully grown at weaning, a fact that could somewhat offset the higher risk of death during this critical period of their lifetime.
RESUMEN
Este artículo investiga el desarrollo y crecimiento de la especie de topo Talpa occidentalis. Hemos establecido 15 estadios de desarrollo, 8 prenatal y 7 postnatal, de los cuales hemos descrito 12 en detalle, desde un estadio embrionario temprano hasta su crecimiento completo tras el destete. El crecimiento de los topos se ajusta a una curva trifásica, tanto en el caso de los machos como en el de las hembras. El coeficiente de esfuerzo reproductivo materno, definido como la masa de descendencia en el destete en relación con la masa de la madre, es inversamente proporcional a la masa materna, según una funcion exponencial. Comparados con otros insectívoros de menor masa corporal (musarañas), en los topos dicho coeficiente (2.69) es significativamente más alto que el esperado (1.91), lo que implica que su esfuerzo reproductivo es un 36% mayor. Este estudio proporciona los criterios cronológicos (basados en la masa corporal, longitud cabezacuerpo y grandes rasgos morfológicos externos) necesarios para estimar la edad de individuos en desarrollo y representa, por tanto, una herramienta útil para futuros estudios en estos mamíferos.
